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Two different helicopter rotor morphing concepts – namely, the linearly variable chord extension and the Shape 
Memory Alloy (SMA) based twist - under the framework of the European project SABRE are investigated for 
their optimal geometric parameters using a Particle Swarm Optimization (PSO) algorithm. Since the morphing 
parameters are dependent on the mission profile, three different missions representing typical helicopter 
applications are chosen. The optimization problem is posed both as single objective (power) and as multi-
objective (power, tip elastic torsion and vibratory hub load). Based on the insights drawn from these 
investigations, a rotor is set up including both the morphing concepts in a single blade. The rotor with combined 
chord and twist morphing is shown to have better performance than the baseline blade while keeping the penalty 






It is a challenge to design the helicopter main rotor to 
operate efficiently through all stages of a mission while 
maintaining its vibration and stress limits. The fixed 
geometry rotor in current helicopters is a compromise of 
various competing needs of the different flight regimes of 
a mission. Rather, a morphing rotor capable of changing 
its geometry can handle these competing objectives better. 
With the primary objective of reducing helicopter 
emissions, several rotor morphing concepts are being 
researched within the European project Shape Adaptive 
Blades for Rotorcraft Efficiency, SABRE 
www.sabreproject.eu (Ref. 1). Within SABRE, the 
German Aerospace Center (DLR) is responsible for the 
variable chord extension concept (Ref. 2) while twist 
morphing is the focus of research for a few other partners 
(Ref.s 3 and 4).  
Optimization techniques have been used in helicopter 
rotor design for more than three decades now (Ref. 5). 
These techniques reduce the workload of obtaining the 
optimum design from the designer. Since analysis and 
design of the helicopter rotor is multidisciplinary in 
nature, over the years, researchers have performed 
optimization taking into account the couplings between 
aerodynamics, dynamics and structures (Ref.s 6 - 8). 
These optimization procedures have dealt with a large 
number of design variables and multiple objectives like 
performance, vibration, noise and weight being met 
simultaneously. Optimization of morphing airfoils for 
helicopter rotor blades has been dealt with, recently, in 
Ref. 9. 
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Several strategies for optimization have been discussed at 
length in Ref. 10. Many of these strategies require 
gradient information to determine the direction of the 
global optimum. However, these strategies have a 
problem when there are multiple local minima. 
Evolutionary methods of optimization like genetic 
algorithm, on the other hand, require only the functional 
values and not the gradients. Particle swarm optimization 
(PSO) is an evolutionary algorithm based on the behavior 
of a colony of living things such as a flock of birds (Ref. 
11). The method does not require gradients and can find 
global optima based on randomized start points and the 
knowledge of the current global and personal minimum 
through its iterative, population-based character. This 
makes it suitable for running iterative and computationally 
expensive numeric programs. PSO has recently gained 
popularity for use in helicopter rotor design (Ref.s 12-14).   
The geometry of a morphed rotor, whether morphed in 
chord or twist, is described by a set of additional 
parameters. Since requirements of rotor design like 
performance or vibrations are different for hover and for 
forward flight, the geometry of the morphed rotor changes 
throughout any particular mission. Thus, morphing 
parameters are mission-dependent and also change during 
the course of the mission. In this work, the optimal 
geometrical parameters for a morphing rotor are 
determined and presented using an established 
optimization algorithm. Different standard missions are 
investigated for their effect on the morphing parameters. 
The combined effect of the investigated systems is also 
looked into.  
MORPHING CONCEPTS 
Two morphing concepts will be considered in this paper – 
the linearly variable chord-extension morphing concept of 
DLR (Ref. 2) and the twist morphing using Shape 
 2 
Memory Alloy (SMA) tubes concept of CIRA Italy 
(Ref. 4). 
It is known that for the so-called “optimum hovering 
rotor”, the blade chord and the twist distribution of the 
blade both vary hyperbolically with span length (Ref. 15) 
as in Fig. 1. Based on this principle, in the linearly 
variable chord-extension morphing concept, the trailing 
edge is hinged out as shown in Fig. 2. In addition to the 
chord-extension, another feature was also included in the 
morphing rotor. This involved deflecting the extended 
chord in a similar manner as would be done with a 
trailing-edge flap, thereby introducing an effective twist 
(Fig. 3). Thus, in this concept, the blade chord as well as 
the blade twist taper down from near the inboard region to 
a constant value from some point (hinge) in the outboard 
region.  
The structural arrangement for the linearly variable chord-
extension morphing is described as follows referring to 
Fig. 2. A rear spar (d) is located in the trailing edge and 
can be swept back around a hinge (e) which is located at a 
desired blade radius. At the innermost radial location of 
the aerodynamic section (at 22% blade radius) this spar is 
actuated perpendicular to the radial direction by an 
actuator (b). It is to be noted that the term ‘maximum 
chord-extension’ refers to the chord-extension at this 
location.  
In the SMA twist concept, a pre-twisted SMA tube with 
flanges on either end is inserted into the blade section by 
removing foam material and connected through the 
flanges to the leading edge C-Spar (Fig. 4). By heating the 
tube to varying degrees when required, desired twist may 
be transmitted to the blade.  
Morphing parameters 
As has been mentioned earlier, the geometry of the 
morphed rotor can be described by morphing parameters. 
The set of morphing parameters for the two morphing 
concepts in consideration are given in Table 1. It is to be 
noted that for a particular mission, parameter i1 is fixed 
for the chord-morphing case while parameters i2 and i3 
are expected to be varied during the course of the mission 
depending on the objectives. Similarly, for the SMA twist 
morphing case, parameters i1 and i2 are fixed for a 
particular mission while parameter i3 is expected to be 
varied over the course of the mission. 













Figure 2. Top view of unmorphed rotor blade (top) and 
the fully extended rotor blade with a) auxiliary spar 
(green), b) guidance system (red), c) web stiffeners, 
d) rear spar, e) hinge, f) maximum chord-extension 
 
 
Figure 3. NACA23012tab airfoil with chord-extension 
and deflection. a) Baseline airfoil, b) with 50% chord-
extension, c) with 50% chord-extension and deflection 
 
 




Parameter Chord-morphing Twist-morphing 
i1 
Non-dimensional 
radial location of 
hinge, rh 
Non-dimensional 
radial location of 
SMA tube center, rt 
i2 
Maximum chord 
extension, Δc  
Non-dimensional 




Percent twist of 




Helicopters are used for a variety of missions because of 
their hovering and loitering capacity. Recognizing that the 
optimum total power requirement is mission dependent, 
three different mission profiles namely a military mission, 
a search and rescue (SAR) mission and a regular transport 
mission have been selected for this work (Ref.s 16, 17). 
These missions give an overview of typical helicopter 
applications. The mission profiles are shown in Fig. 5. 
Details of each mission have been taken from the said 
references. Each leg of a specific mission has been given a 
weightage proportionate to its duration with respect to the 
overall mission duration. The weightages (wvi) are shown 
in Table 2. Mission 1 has longer hover and low velocity 
phases compared to the high velocity phase while mission 
3 has shorter hover phase compared to the high velocity 
phase. Mission 2 has a uniformly distributed velocity 
profile. 
OPTIMIZATION PROBLEM DEFINITION 
The linearly variable chord morphing and twist morphing 
concepts have been individually shown to be effective in 
improving the overall performance of the rotor (Ref.s 2, 
4). But this improvement in performance came at the cost 
of high elastic twist. The question arises, whether 
combining the two concepts results in synergizing their 
benefits giving rise to better performance with minimum 
penalty or even reduction of the loads and vibrations. The 
combined morphing poser, by virtue of the large design 
space of possible morphing parameter values, lends itself 
to an optimization study. However, prior to combining the 
two morphing concepts, a detailed optimization study of 
the individual concepts for different missions is desired. 
The optimization algorithm chosen for the current work is 
the PSO due to its lesser function evaluations compared to 
other evolutionary algorithms. Details of the PSO 
implementation used in this work are given in Ref. 14. The 
PSO algorithm is combined with S4, the in-house 
comprehensive analysis code at DLR (Ref. 18), which 
analyses helicopter rotors in hover and forward flight. S4 
provides objective function values to the PSO algorithm.  
Objective function 
Given the multidisciplinary nature of helicopter rotor 
analyses, the optimization study is proposed to be multi-
objective. The following are the objectives selected for 
this optimization study: total rotor power required, 
P (performance criterion), blade tip elastic torsion, 
Φ (structural criterion) and N/rev hub vertical shear, 
Fz4/rev (vibration criterion). In mathematical terms, 
f1(X) = P; f2(X) = Φ; f3(X) = Fz4/rev 
The rotor power required has been chosen as an objective 
because the primary goal of the parent project SABRE is 
to improve the efficiency of the helicopter. The blade tip 
elastic twist is a critical parameter because it was found to 
be prohibitively high in the initial morphed designs 
because of the change in torsional stiffness. Hence, this 
parameter was chosen as an objective. The tip elastic twist, 
being proportional to the root torsional moment, is also 
indicative of the magnitude of structural loads. The main  
 
a) Mission 1: Military 
 
b) Mission 2: Search and rescue 
 
c) Mission 3: Transport 
Figure 5. Selected mission profiles 
 








0 0 1500 25 
20 0.09 1796 31 
50 0.23 718 13 
60 0.27 1800 31 
 
 








0 0 120 12 
30 0.14 250 24 
40 0.18 120 12 
60 0.27 530 52 
 
 








0 0 60 7 
40 0.18 240 29 




rotor is the primary contributor of vibratory loads to the 
fuselage in the form of harmonics of the blade passage 
frequency. Since the Bo105 rotor, chosen for this work, is 
4-bladed, the 4/rev harmonic of its vertical hub load, Fz, is 
a good measure of its vibratory loads. Thus three critical 
aspects of helicopter rotor design, namely, performance, 
structural loads and vibratory loads have been considered 
for optimization in this work. 
The multi-objective problem can be converted to a single-
objective problem by building a composite objective 
function using the classical weighted sum method 






𝑖 ∗ 𝑤𝑖       (1) 
where f is the composite objective function; fni is the 
normalizing factor; wi is the weighting factor. 
The normalizing factors chosen for the three objective 
functions are: 350kW (for P), 2.5 deg (for Φ), and 500 N 
(for Fz4/rev). 
Design constraints 
Constraints are restrictions that must be satisfied to 
produce an acceptable design. The first requirement set 
here is that the rotor power required, P, at any velocity for 
the morphed rotor must be less than the corresponding 
rotor power (PBL) required for the baseline rotor at that 
velocity. Φ and Fz4/rev have upper constraints too. Thus, 
0 kW  <  P  <  PBL 
0 deg  <  Φ  <  5 deg 
0 N  <  Fz4/rev  <  1000 N 
Another requirement is that the rotor must be completely 
trimmed for any flight condition. This constraint is 
difficult to be translated into a mathematical form. It is 
implemented as a Boolean relation checking in an S4 
output file for trim confirmation. 
Design variables 
The design variables used are the same as the morphing 
parameters. In the case of chord-morphing, the design 
variables and their corresponding limits are: 
Xc = {rh, Δc, αd} 






The hinge location in limited to 0.7 because longer lengths 
of the rear spar result in higher cross-sectional out-of-
plane deformation of the morphed parts of the blade. The 
following are the design variables for the case of twist 
morphing – 
Xt = {rt, lt, Δθ} 
rt  ∈  [0.39, 0.56, 0.73, 0.9]; lt  ∈  [0.0625, 0.125, 
0.1875, 0.25, 0.5, 0.75]; Δθ  ∈ [0.22, 0.44, 0.66, 0.88, 1] 
For twist morphing, discrete values of the design variables 
have been taken. 
Thus, the first goal of the current optimization study is to 
find the combination of morphing parameters of a 
helicopter rotor which minimize the performance, 
structural and vibration objective functions subject to 
some design constraints, for three different chosen mission 
profiles. 
ANALYSIS 
 It is to be noted that in the case of chord-morphing, the 
hinge location is a fixed parameter during a mission while 
the chord-extension and deflection can be changed as 
desired. These conditions make the morphed rotor 
optimization a two-level problem. The outer loop (Lo) 
decides the hinge location, rh, using a mission-level 
objective function. Within the outer loop, an inner loop 
(Li) determines the optimum combination of chord-
extension, Δc, and chord-deflection, αd, for each velocity 
in a mission using the individual objective function. Thus, 
the outer and inner loops have their own objective 
functions and design variables:  
Design variables:  
XcLo = {rh}; XcLi = {Δc, αd}  
Objective function:  
Inner loop:  f1(XcLi) = P; f2(XcLi) = Φ; f3(XcLi) = Fz4/rev 
A composite objective function (fLi) is built 
using Eq. 1. This composite function is 
calculated for each velocity in a mission. Since 
the three objective functions are dissimilar 
quantities with different orders of magnitude, 
they are all non-dimensionalized with 
appropriate normalizing factors so that they can 
be summed together. The three objective 
functions are given equal weightage, wi = 0.333 
Outer loop:         𝑓𝐿𝑜 = ∑(𝑓𝐿𝑖)𝑣𝑖 ∗ 𝑤𝑣𝑖  
The outer loop objective function is calculated 
as the sum of composite objective functions of 
all velocities in a mission scaled by weighting 
factors, wvi, given in Table 2. 
Similarly, the case of twist-morphing is also a two-level 
problem. However here, two parameters, namely, the 
radial location of the SMA tube and the length of the SMA 
tube are fixed during a mission while the percent twist of 
the SMA tube can be changed as desired. So rt and lt are 
determined in the outer loop while Δθ for each velocity is 
calculated in the inner-loop:   
XtLo = {rt, lt}; XtLi = {Δθ} 
The inner and outer loop objectives for the twist-morphing 
case are determined in the same manner as for the chord-
morphing case. 
The Bo105 main rotor blade with the airfoil 
NACA23012tab was selected as the baseline blade. The 
rotor configuration data is available in open literature 
(Ref. 20). The rotor has a rectangular blade geometry with 
a radius of 4.92m and a linear twist of -8deg. The vehicle 
is powered by two engines with total power of 626kW. 
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RESULTS  
For the three missions, two scenarios are considered here – 
first one is a simplified single-objective scenario where 
only the rotor power consumption is taken as the objective 
function for the inner loop. The second scenario has the 
composite objective function (Eq. 1) calculated from 
multiple objectives for the inner loop with equal 
weightages given for all the objectives.  
For comparison purposes, the objective function values for 
the baseline rotor for a range of velocities from hover to 
fast forward flight are shown in Table 3. The rotor power, 
P, follows the familiar bucket curve profile with minimum 
power required at around 30m/s velocity. The blade tip 
elastic twist, Φ, gradually increases from hover to high 
speed. The 4/rev harmonic of vertical hub load, Fz, is 
negligible at hover and is the maximum at low speed 
transition flight at around 30m/s. 
 
Table 3. Baseline rotor  
Velocity, 
m/s μ P, kW Φ, deg Fz4/rev, N 
0 0 370 0.46 17 
10 0.05 308 0.42 99 
20 0.09 238 0.43 594 
30 0.14 230 0.53 734 
40 0.18 255 0.68 629 
50 0.23 310 0.88 473 
60 0.27 403 1.15 371 
 
Linearly variable chord morphing 
Scenario 1: Figures 6a-c show variation of the outer loop 
objective function (P) with hinge location for the three 
different missions. To recall, the outer loop objective 
function calculates the overall mission objective by 
summing the weighted global objectives at each velocity 
in the mission.  
The three missions show similar trend. As the hinge 
location goes outboard, the required rotor power (P) is 
seen to reduce. This can be explained by the increase in 
the surface area of the blade which reduces the overall 
required angle of attack by the rotor blade (Ref. 2). The 
optimal hinge location is seen to be at around 0.64 for all 
the three missions. Among the three missions, mission 1 
has the least power requirement. This is because of the 
longer low speed flight duration (bucket region in the 
power curve). Even though the limit of the hinge location 
is till 0.7, locations near this outboard region are not seen 
here because one or more of the design constraint 
conditions are not met for these values. 
Scenario 2: Figures 7a-c also show the variation of the 
outer loop objective function with hinge location for the 
three different missions. The objective function used here 
includes the tip elastic twist (Φ) and the hub vertical shear 
4/rev harmonic (Fz4/rev) apart from the required rotor 
power (P). All the three objectives have been given equal 
weightages.  
Even though there are slight deviations, the general trend 
of the optimum for all the three missions is seen to be 
moving towards the inboard hinge locations. The optimum 
hinge locations for all the three cases are in the region 
between 0.4 and 0.45. Mission 1, which has a high 
percentage of hover and low speed flight, has lower 
mission objectives because of the lower tip twist and 
vibratory harmonics at these speeds. The observed 
deviations could be because of the trim calculations in 
batch mode which has uniform criteria for all velocities. 
As a result, some of the cases may not be fully trimmed 
resulting in slight deviations of the values of the objective 
functions. 
Mission 2 is selected for further exploration since it has 
low and high speeds of similar duration. Tables 4a,b show 
the variation of the optimal morphing parameters for each 
velocity leg in mission 2 for scenario 1 and scenario 2, 
respectively. The tables for the other missions are given in 
the Appendix.  
For scenario 1, a hinge location of 0.64 is found to be the 
optimal value for the mission. For this hinge location, 
Table 4a suggests full chord extension for hover and lower 
velocities for optimum performance and almost nill chord 
extension for higher velocities. Chord deflections are zero 
for all velocities. This could be because chord deflections 
could have resulted in atleast one of the design constraints 
not being satisfied. Comparing with Table 3, it can be seen 
that the blade tip elastic twist values are much higher than 
the baseline blade values for this scenario. High blade 
elastic torsion would require higher pilot collective input 
angles to offset them and so can be a limiting factor.  The 
vibratory loads are seen to be lower than those for the 
baseline case. For this mission, compared to the baseline 
case, the highest power reduction of 6.8% is seen at hover. 
For scenario 2 (Table 4b), the optimal hinge location for 
the mission is at 0.42. The tip elastic twist values are 
closer to those of the baseline blade values which is a huge 
positive. Similarly, the vibratory loads are also in the same 
range as the baseline blade. However, since the power 
required has hardly changed from the baseline values, this 
scenario shows that for equal weightages of power, tip 
elastic twist and vibratory load, the chord-morphed rotor 
does not give any additional benefits compared to the 
baseline blade.  
 
To summarize the above findings, for the chord-morphing 
concept, larger chord-extensions are recommended for 
hover and low speed flights. For high speed flights, lower 
chord-extensions are recommended. Chord-deflections are 
not recommended for any flight velocity. A hinge location 
close to 0.64 can give decent power savings if the blade tip 
elastic twist can be reduced through careful design, for 
example by increasing the torsional stiffness of the blade 






a. Mission 1 
 
b. Mission 2 
 
c. Mission 3 
Figure 6. Variation of total mission objective with 
hinge location in Scenario 1 
 
a. Mission 1 
 
b. Mission 2 
 
c. Mission 3 
Figure 7. Variation of total mission objective with 





Table 4a. Mission 2, Scenario 1, morphing parameters 
rh μ Δc, % αd, deg P, kW Φ, deg Fz4/rev, N 
0.64 0 100 0 345 4.72 20 
  0.14 100 0 219 4.46 556 
  0.18 6 0 249 1.46 694 
  0.27 0 0 387 1.95 292 
 
 
Table 4b. Mission 2, Scenario 3, morphing parameters 
rh μ Δc, % αd, deg P, kW Φ(deg) Fz4/rev, N 
0.42 0 6 0 370 0.66 18 
  0.14 20 0 230 0.81 643 
  0.18 0 0 255 0.86 568 
  0.27 0 0 402 1.37 338 
 
SMA twist morphing 
Scenario 1: For the SMA twist case, there are two outer 
loop design parameters which need to be fixed for a 
mission. Figures 8a-c show the variation of the outer loop 
mission objective function with respect to the radial 
location of the SMA tube, rt (i1). Each radial location has 
multiple values of the total mission objective each 
corresponding to a different value of the length of the 
SMA tube, lt (i2).  For the three missions, the optimal 
mission objective occurs at outboard locations of SMA 
tube, especially at 0.73. As the high speed velocity 
duration increases in a mission, the mission objective 
function is also seen to rise.  
Figures 9a-c show the variation of the mission objective 
with respect to the SMA tube length for the three missions. 
The multiple values for each tube length correspond to a 
different value of tube radial location. Tube lengths of 
0.25 and 0.5 are seen to give the optimum results. 
Scenario 2: Figures 10a-c and 11a-c show the same 
information as above for scenario 2 where the effect of Φ 
and Fz4/rev are included with equal weightage as the rotor 
power. Observing the two sets of plots, it can be 
concluded that for all the missions, short tube lengths of 
0.06235/0.125 at inboard locations give optimal values.   
Table 5a,b show the variation of optimal morphing 
parameters for mission 2 for SMA twist morphing. Table 
5a gives the values for scenario 1. Optimal radial location 
of the SMA tube is 0.73R and the optimal length of the 
tube is 0.5R. For these fixed values, the delta twist of the 
tube is seen to decrease as the forward velocity increases. 
For hover, the full delta is required while for high speeds 
22% twist is sufficient. The percentage reduction in rotor 
power is higher than that for the chord morphing case. For 
mission 2, at hover, there is a reduction of 10.8% in rotor 
power compared to the baseline rotor. Vibratory loads are 
also lower than the baseline values. However, tip elastic 
twist is seen to be higher and increasing with velocity.  
Table 5b gives the values when Φ and Fz4/rev are also 
considered in the objective function. A radial location of 
0.22 is recommended together with a tube length of 
0.0625R for this scenario. The delta twist is higher for 
forward velocities. Even though the tip elastic twist is 
brought down close to the baseline values, this scenario is 
of not much benefit since the power saving compared to 
the baseline case is negligible. 
To summarize the above results, an outboard radial 
location of 0.73 for the SMA tube gives decent reduction 
in the rotor power. Shorter lengths of the tube can help 
reduce the tip elastic twist. 
Combined chord and twist morphing 
Based on the trends observed in the previous sections, it 
can be seen that the optimal configurations of two 
morphing concepts could be easily integrated into a single 
blade with minimal overlapping. From structural design 
point of view, it was decided to reduce the chord-
morphing hinge location to 0.6 in order to reduce the out-
of-plane deflection of the morphed airfoil sections. For the 
SMA tube, it was decided to have a length of 0.125 at 
location 0.73. This sets the non-variable morphing 
parameters for the mission. The variable morphing 
parameters and the results for this combined morphing 
concept are shown in Table 6. The power savings with 
respect to the baseline case are also given. The rotor with 
the combined morphing concept compares favorably with 
the baseline rotor. The power required is lesser than that 
for the baseline blade throughout the mission. The net 
effective power savings is 14.9%. The tip elastic torsion is 
lesser compared to the individual morphing cases. There is 
however, a penalty of 40%-50% increase in the hub 
vibrational load in the mid-level velocities. Overall, the 
results provide enough confidence that with further 
investigation, the combined chord and twist morphing 






a. Mission 1 
 
b. Mission 2 
 
c. Mission 3 
Figure 8. Variation of total mission objective with i1 
(rt) in Scenario 1 
 
 
a. Mission 1 
 
b. Mission 2 
 
c. Mission 3 
Figure 9. Variation of total mission objective with i2 (lt) 




a. Mission 1 
 
b. Mission 2 
 
c. Mission 3 
Figure 10. Variation of total mission objective with 
i1(rt) in Scenario 2 
 
 
a. Mission 1 
 
b. Mission 2 
 
c. Mission 3 
Figure 11. Variation of total mission objective with i2 






Table 5a. Mission 2, Scenario 1, morphing parameters 
rt μ Δθ, deg P, kW Φ, deg Fz4/rev, N 
0.73 0 1 330 2.87 43 
lt 0.14 0.44 216 2.95 594 
0.5 0.18 0.22 245 3.30 442 
  0.27 0.22 377 4.01 257 
 
 
Table 5b. Mission 2, Scenario 2, morphing parameters 
rt μ Δθ, deg P, kW Φ, deg Fz4/rev, N 
0.22 0 0.22 369 0.52 18 
lt 0.14 0.66 230 0.58 744 
0.0625 0.18 0.66 255 0.73 638 
  0.27 0.66 402 1.21 367 
 
Table 6. Mission 2, Scenario 2, combined morphing concept 
μ Δc, % Δθ, deg P, kW Φ, deg Fz4/rev, N P, % savings  
0 50 0.66 333 3.46 0 9.9 
0.14 25 0.66 189 2.37 1103 17.8 
0.18 25 0.22 213 2.40 904 16.6 
0.27 25 0.22 345 2.63 353 14.3 
 
CONCLUDING REMARKS 
Linearly variable chord morphing and SMA twist 
morphing for helicopter rotor blades were studied for their 
mission-based optimal geometric parameters. For this an 
evolutionary algorithm, PSO, was combined with a high-
resolution helicopter rotor comprehensive analysis code, 
S4. A fully elastic rotor blade was modelled in an unsteady 
aerodynamic environment. It was found that the two 
concepts have non-overlapping optimal conditions. By 
combining the two concepts into a single rotor blade, 
better performance than the baseline blade was achieved 
while the penalty in elastic torsion and hub vibrational 
load were within reasonable limits. The combined concept 
also gives better performance than the individual concepts. 
This work gives enough confidence to pursue 
investigations to refine the combined morphing strategy to 
give further gains. The torsional stiffness of the morphed 
region of the rotor blade is a key property for design 
improvement to reduce the elastic torsion in the blade 
which can be a limiting factor for flight. Reducing the 
blade elastic torsion can result in smoother trends in the 
optimization results and can lead to more accurate 
identification of morphing parameters for further 
improvements in the rotor efficiency. 
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Fz4/rev 4/rev harmonic of vertical hub load, Fz 
lt SMA tube length, non-dimensional wrt R 
P Main rotor required power, kW 
r Rotor blade radius variable, m 
rh Non-dimensional radial location of hinge 
rt Radial location of SMA tube center 
R Radius of rotor, m  
 11 
αd Chord deflection, deg 
Δc Maximum chord extension as a percentage of 
baseline chord 
Δθ Percent twist of SMA tube 
μ Advance ratio 
Φ Blade tip elastic twist, deg 
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Mission 1, Scenario 1, morphing parameters 
rh μ Δc, % αd, deg P, kW Φ, deg Fz4/rev, N 
0.64 0 100 0 345 4.72 20 
  0.09 100 0 220 4.38 492 
  0.23 0 0 301 1.61 507 
  0.27 0 0 387 1.95 292 
 
 
Mission 3, Scenario 1, morphing parameters 
rh μ Δc, % αd, deg P, kW Φ, deg Fz4/rev, N 
0.64 0 100 0 345 4.72 20 
  0.18 0 0 249 1.36 695 





Mission 1, Scenario 3, morphing parameters 
rh μ Δc, % αd, deg P, kW Φ, deg Fz4/rev, N 
0.44 0 10 0 369 0.80 19 
  0.09 8 0 237 0.73 549 
  0.23 2 0 308 1.18 441 
  0.27 2 0 399 1.50 321 
 
 
Mission 3, Scenario 3, morphing parameters 
rh μ Δc, % αd, deg P, kW Φ, deg Fz4/rev, N 
0.4 0 12 1 369 0.72 18 
  0.18 22 0 255 0.95 550 















Mission 1, Scenario 1, morphing parameters 
rt μ Δθ, deg P, kW Φ, deg Fz4/rev, N 
0.59 0 1 328 3.05 21 
lt 0.09 0.44 217 3.10 987 
0.75 0.23 0.22 297 3.74 765 
  0.27 0.22 377 4.17 556 
 
 
Mission 3, Scenario 1, morphing parameters 
rt μ Δθ, deg P, kW Φ, deg Fz4/rev, N 
0.9 0 1 340 2.99 27 
lt 0.18 0.22 245 3.08 477 





Mission 1, Scenario 2, morphing parameters 
rt μ Δθ, deg P, kW Φ, deg Fz4/rev, N 
0.22 0 0.22 369 0.52 18 
lt 0.09 0.66 238 0.49 601 
0.0625 0.23 0.66 310 0.94 480 




Mission 3, Scenario 2, morphing parameters 
rt μ Δθ, deg P, kW Φ, deg Fz4/rev, N 
0.22 0 0.44 369 0.58 19 
lt 0.18 0.88 255 0.79 635 
0.125 0.27 0.88 402 1.28 350 
 
 
 
